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Partial or complete deletion of several coronavirus nonstructural proteins (nsps), including open reading 
frame la (ORF1a)-encoded nsp2, results in viable mutant proteins with specific replication defects. It is not 
known whether expression of nsps from alternate locations in the genome can complement replication defects. 
In this report, we show that the murine hepatitis virus nsp2 sequence was tolerated in ORF 1b with an in-frame 
insertion between nsp13 and nsp14 and in place of ORF4. Alternate encoding or duplication of the nsp2 gene 
sequence resulted in differences in nsp2 expression, processing, and localization, was neutral or detrimental to 
replication, and did not complement an ORF1a Ansp2 replication defect. The results suggest that wild-type 
genomic organization and expression of nsps are required for optimal replication. 


Coronaviruses are positive-sense RNA viruses that translate 
the first open reading frames (ORFs; ORFla and ORF1b) of 
their 30-kb genome RNA into polyproteins that are co- and 
posttranslationally processed into intermediate and mature 
nonstructural proteins (nsps; nsps 1 to 16). The nsps interact 
on cytoplasmic membranes at sites of viral RNA synthesis, 
referred to as replication complexes (4, 5, 10, 17, 22, 25). 
Translation of ORF1b, which encodes several proteins con- 
firmed or predicted to be essential for viral RNA synthesis, 
requires a ribosomal frameshift event at the end of ORF la that 
occurs at 10 to 40% efficiency in vitro (2, 9, 13-15, 18, 21, 23). 

The murine hepatitis virus (MHV) nsp2 is a 65-kDa protein 
that has minimal sequence identity or similarity among differ- 
ent coronavirus groups and has no known or predicted func- 
tions. We have shown for MHV and severe acute respiratory 
syndrome coronavirus (SARS-CoV) that in-frame deletion of 
nsp2 (Ansp2) yields viable mutant viruses (12). However, both 
MHV and SARS-CoV Ansp2 mutants exhibit a 90% reduction 
in peak titer and a 50% reduction in viral RNA synthesis. To 
determine if expression of nsp2 from nonnative sites could 
complement the defect in MHV Ansp2 replication, we engi- 
neered the nsp2 coding sequence at alternate sites in the ge- 
nome both in the absence and in the presence of the wild-type 
ORF la nsp2 sequence. The results indicate that nsp2 can be 
encoded and expressed alone from ORF4, as a sequence du- 
plication in ORFla and ORF1b or in ORFla and ORF4, but 
not near the end of ORF 1a or alone in ORF 1b. Duplication or 
expression of the nsp2 sequence from ORF4 was detrimental 
to replication compared to that of the wild type, indicating that 
the native context of nsp2 expression, and possibly a single 
copy of the sequence, may be necessary for optimal function in 
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replication. Results also indicate that the addition of amino 
acids at the N and C termini of natively expressed nsp2 has no 
effect on peak viral growth. 

nsp2 can be encoded in replication-competent mutant vi- 
ruses in ORF4 and between nsp13 and nsp14 in ORF1b. MHV 
nonessential ORFs have been shown to tolerate foreign gene 
insertion (3, 8, 19). In order to test the effects of nsp2 expres- 
sion in downstream ORFs, we engineered a mutant MHV 
genome by substitution of the nsp2 coding sequence in place of 
the nonessential ORF4 coding sequence, while retaining the 
ORF4 transcriptional regulatory sequence (5’-CUAAAC-3') 
and start codon (Fig. 1 and Table 1). To determine if nsp2 
could be expressed from alternate locations in the replicase, we 
engineered the nsp2 sequence at the end of ORF1a following 
nspl0 (nsp10-11 and nsp10-12 junction) and in ORF1b be- 
tween nsp13 and nsp14. Since processing between nsp10-12 
and nsp13-14 is mediated by nsp5 (3CLpro), we designed min- 
imal 3CLpro recognition cleavage sites of P2-LeuGIn | Ser-P1’ 
(16, 20, 27) at the amino and carboxyl termini of nsp2 by the 
addition of a Ser residue to the N terminus of nsp2 and LeuGln 
residues to its C terminus, leaving the 3CLpro recognition 
sequences of nsp10, nsp12, nsp13, and nsp14 intact. The wild- 
type N-terminal nsp2 residue is Val; we selected Ser as a 
conservative addition that would optimize for cleavage by 
nsp5. We have previously shown that P1’ substitutions at the 
amino terminus of nsp2 that allow processing (Ala, His) do not 
affect virus growth or RNA synthesis (6); however, to deter- 
mine if Ser and LeuGln additions had any effects on nsp2 
functions of alternately expressed nsp2 viruses, these muta- 
tions were engineered into natively expressed nsp2 in a 
wild-type virus background. 

Infectious viruses with the following mutations were recovered 
from supernatants of electroporated cells: ORF4 deletion, with or 
without ORF la nsp2 expression (1a-2/A4 and Ala-2/A4); ORF4 
nsp2 with or without ORFla nsp2 expression (1a-2/4-2 and Ala- 
2/4-2); ORF 1b nsp2 with ORF1a nsp2 expression (1a-2/13-2-14); 
and ORFla nsp2 with amino acid additions at the N and/or C 
terminus (1a-S2, la-2LQ, and 1la-S2LQ). The supernatants from 
electroporated cells were passed to expand the populations (pas- 
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FIG. 1. Engineering nsp2 deletions, mutations, rearrangements, 
and duplications. For each construct, alterations to the genome are 
shown. Constructs are listed as named in the text. ORFs 1 to 7 are 
labeled above the wild-type schematic. The nsp2 coding sequence is 
depicted as a hatched rectangle. Coding region locations and sizes are 
not drawn to scale. Deletion of the nsp2 and/or ORF4 coding sequence 
or insertion of nsp2 in ORF 1b is indicated by a caret. Protein coding 
deletions are indicated by a delta (A) in the virus name. The nsp2 
position is indicated as ORFla (1a-2), ORF 1b (13-2-14 or 10-2-12), or 
ORF4 (4-2). Approximate peak titers of viable viruses are indicated to 
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sage 1 [P1]), and RNA from cells infected with P1 virus stocks was 
used to confirm the retention of all engineered changes from 
recovered mutants. Multiple attempts to recover mutants lacking 
ORF la nsp2 but expressing nsp2 in ORF1b (Ala-2/13-2-14) 
failed to produce infectious virus. We also were not able to 
recover mutants encoding nsp2 in-frame between nsp10 and 
nsp12, with or without ORF 1a nsp2 expression (1a-2/10-2-12 
and Ala-2/10-2-12). 

Protein expression and processing from nsp2 alternate ex- 
pression and duplication viruses. To determine the expression 
and processing of nsp2 in mutant virus infections, lysates of 
radiolabeled, virus-infected DBT cells were immunoprecipi- 
tated with antisera against nspl, nsp2, and nsp3 (Fig. 2A). 
Mature nspl (28 kDa) was detected in all mutant virus-in- 
fected cells, demonstrating normal processing between nsp1 
and nsp2 by the nsp3 papain-like proteinase 1 (PLP1). Mutant 
viruses that expressed nsp2 from ORFla (1a-2/A4, 1a-2/13-2- 
14, and la-2/4-2) and the Ansp2 virus (Ala-2) all produced 
similar amounts of nsp1 relative to that of the wild type, while 
the Ala-2/A4 and Ala-2/4-2 viruses expressed lower levels of 
nspl. nsp3 was detectable with anti-nsp3 in wild-type-infected 
cells as both mature nsp3 (210 kDa) and intermediate nsp2-3 
(275 kDa). Mutant viruses that encoded nsp2 in its native 
position (1a-2/A4, 1a-2/4-2, and 1a-2/13-2-14) also had detect- 
able nsp3 and nsp2-3. Only mature nsp3 was detected in in- 
fections with viruses that lacked ORFla-expressed nsp2 
(Ala-2, Ala-2/A4, and Ala-2/4-2). 

As expected, mutant viruses that did not encode nsp2 at any 
location (Ala-2 and Ala-2/A4) had no detectable nsp2. Viruses 
encoding nsp2 from one or two locations in the genome ex- 
hibited a range of nsp2 expression levels. The Ala-2/4-2 virus 
expressed low levels of nsp2, while the 1a-2/A4 mutant virus 
expressed nsp2 at levels similar to those expressed by the wild 
type. The 1a-2/4-2 duplication mutant, which encoded nsp2 in 
both ORFla and ORF4, expressed higher levels of nsp2 than 
the wild-type virus. To test whether the increased expression 
was due to just two coding locations or if there were also 
altered levels of ORF4 subgenomic RNA, infected cells were 
labeled with [*H]uridine in the presence of actinomycin D, and 
viral RNAs were measured by densitometry by using ImageJ 
1.40 (http://rsb.info.nih.gov/ij/) (Fig. 2B). All genomic and sub- 
genomic RNA species were detected, but RNA4 encoding 
nsp2 in ORF4 in the la-2/4-2 virus was expressed with a 2.5- 
fold increase, as a ratio to RNA7, compared to wild-type virus. 
This is sufficient to account for the increased nsp2 levels and 
suggests that insertion of foreign genes in ORF4 may specifi- 
cally alter mRNA transcription. 

The 1a-2/13-2-14 mutant virus, which encoded nsp2 in both 
ORFla and ORF1b, expressed overall levels of mature nsp2 
that were comparable to those expressed by the wild type. This 
could have resulted from either diminished translation from 
ORF1b or impaired or absent processing. The requirement for 
in-frame translation of nsp13 and nsp14 for virus viability ar- 
gues that the in-frame nsp2 must be translated from this loca- 


the right of each construct. Viruses that were not recovered are indi- 
cated by a minus sign (—). 


AINN SMAYGNYV LS Aq GLOz ‘GL Yey Uo /Bio-wse IAl//:diyy Woy pepeojumog 


11966 NOTES J. VIROL. 
TABLE 1. Description of primers 
Primer Sequence Sense Purpose 
nsp13-nsp2 A 5’GTCAATGACACCACTCGCAAGTATGTGTTTACT + PCR partner for nsp13-nsp2 B 


nsp13-nsp2 B 


5'CGTCTCGCACACTGTAATCGTGGATTGTTAATCTT 


Insertion mutagenesis partner for A 


nsp2 1b Ins C 5'CGTCTCGTGTGTTAAGCCCATCCTGTTTGTGGAC + nsp2 ORF1b insertion mutagenesis 

nsp2 1b Ins D 5’'CGTCTCGCTGTAATCGCGCACAGGGAAACCTCCAGCACTG = — __ nsp2 ORF1b insertion mutagenesis 
nsp2-nsp14 E 5’'CGTCTCGACAGTGTACTACAAATTTGTTTAAGGATTGT + Insertion mutagenesis partner for F 
nsp2-nsp14 F 5'CATGTGAGCTCAAAGCTGGCAGCCCACGTCAC — PCR partner for nsp2-nsp14 E 

ORF4 Ins A 5'CAGGCCATAGAAAAGGTCAATGAGTGCGTT + PCR partner for ORF4 Ins B primers 

ORF4 Ins2 Bl = 55'CGTCTCGCCATCTATAAATTGTTTAGATTTTCTG — Insertion mutagenesis partner for A 

ORF4 InsKo B2. 5'CGTCTCGTTTATTACTATAAATTGTTTAGATTTTCTG —  ORF4 deletion partner for A 

ORF4 nsp2 C 5'CGTCTCGATGGTTAAGCCCATCCTGTTTGTGGAC +  nsp2 ORF4 insertion mutagenesis 

ORF4 nsp2 D 5'CGTCTCGTTTATTACGCACAGGGAAACCTCCAGCACTG —  nsp2 ORF4 insertion mutagenesis 

ORF4 Ins E 5’'CGTCTCGTAAACTCCAAGAGGTTTTGATTATAGTACA + Insertion mutagenesis partner for F 

ORF4 Ins F 5’'CTTAAGGAATTGAACTGCCTCGTCGGCCGT — PCR partner for ORF4 Ins E 

S-nsp2 F 5'GGGCTATCGCGGTTCTGTTAAGCCCATCCTG + Insertion mutagenesis partner for S-nsp2 R 
S-nsp2 R 5'CAGGATGGGCTTAACAGAACCGCGATAGCCC — Insertion mutagenesis partner for S-nsp2 F 
nsp2-LQ F 5’'GGTTTCCCTGTGCGCTCCAAGGCAAGAAAGTCGAG + Insertion mutagenesis partner for nsp2-LQ R 
nsp2-LO R 5’'CTCGACTTTCTTGCCTTGGAGCGCACAGGGAAACC — Insertion mutagenesis partner for nsp2-LQ F 
158 AF 5'TCCGGCTCGTATGTTGTGTGGAAT + PCR partner for S-nsp2 R and nsp2-LOQ R 
3253 AR 5'CTGCGTCAAGCACAACATCAAGCA — PCR partner for S-nsp2 F and nsp2-LQ F 


tion in ORFI1b. The efficiency of ribosomal frameshifting and 
translation of ORF1b relative to ORFla has not been exper- 
imentally tested during virus infection but is predicted to be 
less than 25% (2). This would be consistent with the detection 
of minimal additional nsp2. The lack of detection would also 
result if expressed nsp2 was not cleaved from nsp13 or nsp14, 
or both and thus was not detected as mature nsp2. Immuno- 
precipitation with anti-nsp2 or anti-nsp13 antisera did not re- 
solve precursors consistent with a predicted size for nsp13-2 
(130 kDa), nsp2-14 (130 kDa), or nsp13-2-14 (190 kDa) (data 
not shown). Taken together, these data indicate that the level 
of protein expression depends on a combination of the number 
of coding sequence copies and the context of expression. 

Localization of nsp2 in cells during infection with mutant 
viruses. To determine if nsp2 localization was affected by 
genomic location and extent of expression, DBT cells were 
infected, and at 6 h postinfection (p.i.), cells were fixed and 
stained with antibodies against nsp2 and nsp8, both markers 
for replication complexes (1) (Fig. 3). nsp2 and nsp8 signals 
colocalized in characteristic cytoplasmic perinuclear foci in 
cells infected with viruses expressing both nsp2 and nsp8 (wild 
type, la-2/A4, and Ala-2/4-2). When expression of nsp2 was 
absent (Ala-2/A4), no nsp2 signal was present, while nsp8 
signal was still detected in punctate foci. nsp2 expressed from 
the 1a-2/4-2 virus showed partial colocalization with nsp8 sig- 
nal, but nsp2 was also detected as diffuse cytoplasmic fluores- 
cence that was not associated with punctate foci. A possible 
explanation for this result is that simultaneous expression of 
nsp2 from ORF1 and ORF4 in the la-2/4-2 virus saturates 
replication complexes. This would be consistent with the ob- 
served increase in nsp2 expression (Fig. 2A). This conclusion is 
also supported by the observation that infection with the la- 
2/13-2-14 mutant, which resulted in lower levels of mature nsp2 
(Fig. 2A), showed colocalization of nsp2 with nsp8, but no 
additional localization or diffuse fluorescence (Fig. 3). While 
direct proof of differential localization of nsp2 would require 
unique tags for nsp2 at different loci, it is still clear that alter- 
ation of nsp2 coding location within the genome results in 
differences in both extent of protein expression and localiza- 
tion of nsp2 during infection. 


nsp2 encoded at different loci results in varied effects on 
viral growth but does not complement nsp2 deletion from 
ORF la. To assess the effects of alternate nsp2 encoding on 
viral replication, DBT cells were infected at a multiplicity of 
infection (MOI) of 1 PFU/cell, aliquots of supernatant were 
saved, and titers of virus were determined by a plaque assay 
(Fig. 4). As has been shown previously (8), the deletion of 
ORF4 resulted in a mutant virus that had growth kinetics and 
peak titers indistinguishable from those of the wild type (Fig. 
4A). Deletion of nsp2 alone (Ala-2) resulted in a decrease of 
~1 log, ) compared to the wild type, also consistent with pre- 
vious studies (11). Expression of nsp2 from ORF4 in the pres- 
ence or absence of ORFla nsp2 was similar to that of the 
parental Ala-2 mutant in the timing of exponential growth. 
However, the 1a-2/4-2 virus reached a slightly higher titer than 
the Ala-2 virus but did not achieve wild-type growth at 24 h p.i. 
(Fig. 4B), suggesting that expression of nsp2 at increased total 
levels may in fact be detrimental to virus growth fitness. Also, 
the Ala-2/4-2 virus achieved a 0.5-log,, lower peak titer than 
the Ala-2 virus, and the titer declined more rapidly than that of 
either the Ala-2 or the 1a-2/4-2 virus over a 24-h period. The 
results show that ORF4 expression of nsp2 does not comple- 
ment the deletion of nsp2 from ORF 1a and suggest that ORF4 
expression of nsp2 in the absence of ORF la nsp2 expression 
results in a less-fit mutant virus. When nsp2 was expressed in 
ORF 1b (1a-2/13-2-14), growth was delayed in timing, and peak 
titer could not reach that of the wild-type virus at 24 h p.i., even 
though peak titers were still increasing, similarly to the la-2/4-2 
virus (Fig. 4B). 

We were surprised that the deletion of both nsp2 and ORF4 
or nsp2 replacement of ORF4 (Ala-2/A4 and Ala-2/4-2) 
yielded mutants with more delayed and/or decreased growth 
than deletion of either nsp2 or ORF4 alone (Fig. 4A). These 
results suggest possible interactions and/or cooperative func- 
tions of nsp2 and the ORF4 protein(s) in the viral life cycle. 
Both nsp2 and the ORF4 gene product(s) are group-specific 
proteins (7, 17, 28) and may have as-yet-uncharacterized inter- 
actions. Alternatively, it is possible that the known replication 
defect of the Ansp2 mutant exacerbates a replication defect in 
an ORF4 deletion mutant that alone does not manifest as a 
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FIG. 2. Protein expression, processing, and RNA synthesis of altered 
nsp2 viruses. DBT cells were infected with viruses as indicated above the gels. 
(A) Proteins were radiolabeled, and cell lysates were immunoprecipitated 
with anti-nsp1, anti-nsp2, and anti-nsp3 antibodies. “Mock” indicates mock- 
infected cells and “wt” indicates recombinant wild-type MHV-AS9. nsps are 
indicated to the right of the gel: nsp2-3 (275 kDa), nsp3 (210 kDa), nsp2 (65 
kDa), and nsp1 (28 kDa). (B) Viral RNA was metabolically labeled with 
[Hluridine in the presence of actinomycin D from 9 to 11 h p.i. Intracellular 
RNA was isolated, denatured, and resolved by electrophoresis. Genomic 
RNA (R1) and subgenomic mRNAs (R2 to R7) are indicated. R2, R3, and 
R4 from the 1a-2/A4 virus are approximately 300 bp shorter than wild-type 
mRNAs and are indicated by a superscript +. The 1a-2/A4 virus was used as 
a control in which ORF4 is deleted, but its transcriptional regulatory se- 
quence is still present, resulting in R4 comigrating with R5. R2, R3, and R4 
from the 1a-2/4-2 virus, which are approximately 1,400 bp longer than wild- 
type R2, R3, and R4, are indicated with «. An unknown band, possibly an R4 
degradation product, is indicated by a caret. R1 from wild-type and mutant 
viruses exhibited some variability in migration. This variability is supported by 
quantification of overall genomic RNA levels (1la-2/A4 > wt > 1a-2/4-2). 
RNA band sizes and quantification were determined by using ImageJ 1.40. a, 
anti. 


change in growth kinetics in culture. Finally, it is possible that 
altered RNA folding or protein-RNA interactions resulting 
from the cumulative deletion of >2 kb of genome is respon- 
sible for the observed replication defect and decrease in ex- 
pression of nsps 1 to 3. This possibility is supported by the 
result that la-2/4-2 virus had a slight growth delay, grew to 
peak titers of >1 log, higher than those of Ala-2/A4, and 
exhibited higher expression levels of nsps 1 to 3. 

Additions of amino acids at the N and/or C terminus of nsp2 
do not affect peak viral growth. Because alternately expressed 
nsp2 was engineered to contain minimal 3CLpro cleavage sites 
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FIG. 3. Immunofluorescence of nsp2 mutants. DBT cells on glass 
coverslips were infected for 6 h, fixed, and stained for nsp2 and nsp8 by 
Alexa546 conjugated to a secondary immunoglobulin G (IgG) anti- 
body and by Alexa488 directly conjugated to a primary IgG antibody, 
respectively. Colocalization is indicated by yellow pixels in the merged 
images. The bar in the upper right image equals 20 ym and is repre- 
sentative for all images. Images were obtained on a Zeiss LSMS510 and 
were processed in Adobe Photoshop CS2. 


(P2-LeuGIn | Ser-P1’) when introduced between nsp13 and 
nsp14 to promote cleavage, we next wanted to determine the 
effects of introducing amino acids at the N and C termini of 
nsp2 on viral growth. Therefore, viruses were engineered to 
have an addition of a Ser residue at the N terminus (1a-S2), 
LeuGln residues at the C terminus (1la-2LQ), or both muta- 
tions (la-S2LQ) in the native location of nsp2 (Fig. 1 and 
Table 1). Viral growth experiments were performed as previ- 
ously described at an MOI of 0.1 PFU/cell, and the 1a-S2, 
la-2LQ, and 1a-S2LQ viruses reached peak growth similar to 
that of wild-type virus (Fig. 5A), suggesting that the additional 
amino acids do not inhibit functions of nsp2 in cell culture. 
However, the la-2LQ and 1a-S2LQ viruses were slightly de- 
layed in exponential growth compared to wild-type virus. Pro- 
tein processing experiments show detection of mature nsp2 in 
the la-2LQ and 1a-S2LQ viruses (Fig. 5B), yet pulse-chase 
analysis reveals decreased expression of mature nsp2 in the 
la-2LQ and 1a-S2LQ viruses compared to wild-type virus (Fig. 
5C). These observations are consistent with the previously de- 
scribed ACS2 mutant virus, which has a delay in exponential 
growth, can reach peak titers similar to those of wild-type virus, 
and exhibits no mature nsp2 detection (Fig. 5A and B). There- 
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FIG. 4. Growth of nsp2 alternate expression viruses. DBT cells 
were infected with indicated viruses at an MOI of 1 PFU per cell. 
Aliquots of supernatant were taken at indicated times p.i., and titers 
were determined by a plaque assay. All infections were performed in 
the same experiment with replicates. (A) nsp2 and ORF4 deletion and 
ORF4 single expression mutants. (B) nsp2 duplication viruses. Wild- 
type curve and Ala-2 curve from panel A are duplicated in panel B to 
allow direct comparison. 
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FIG. 5. Growth and protein processing of 1la-S2, la-2LQ, and 1la-S2LO 
viruses. (A) DBT cells were infected with indicated viruses at an MOI of 0.1 
PFU/cell. Viral titers were determined as described in the text. Infections 
were performed in the same experiment with replicates. (B) Protein process- 
ing experiments were performed as previously described. Immunoprecipita- 
tions were performed with anti-nsp1 and anti-nsp2 antibodies. All samples 
were resolved on the same gel, but the image was cropped to remove extra- 
neous lanes. (C) Pulse-chase analysis was performed by infecting DBT cells at 
an MOI of 10 PFU/cell. Proteins were radiolabeled, and cell lysates were 
immunoprecipitated with anti-nsp1 and anti-nsp2 antibodies. The presence of 
an nsp1 doublet has been previously described and may be due to alternative 
cleavage or posttranslational modifications of nsp1 (24). Viruses are indicated 
to the left of the gels, and the time of chase (in minutes) is indicated at the top 
of the gels. «, anti. 
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fore, the additions of amino acids at the N and C termini of nsp2 
appear to affect processing and not the overall functions of nsp2. 

The results of this study demonstrate that it is possible for 
nsp2 to be encoded from alternate locations in the genome, 
either alone or in combination with ORFla nsp2, and that 
alternate location or expression results in a range of effects on 
growth, expression, RNA synthesis, and localization. Of inter- 
est, it was recently reported that an nsp2-EGFP fusion protein 
could be expressed from the nonessential MHV ORF2b (26). 
Although the replication phenotype of this virus was not re- 
ported, the result is consistent with our study and indicates that 
additional sites of nsp2 expression/duplication are tolerated. In 
our experiments, the modest growth defect of an nsp2 deletion 
is not complemented by expression from ORF1b or ORF4, 
suggesting that whatever function nsp2 serves, the timing 
and/or interactions resulting from expression between nsp1 
and nsp3 are likely critical for its role. Specifically, it is known 
that nsp2 is detectable as an nsp2-3 intermediate and that 
abolition of processing of nsp2 from nsp3 results in a pro- 
longed eclipse phase, while abolition of processing between 
nspl and nsp2 results in diminished growth (6, 11). This was 
consistent with our observation that the addition of amino 
acids to the N terminus had no effect on processing and had 
wild-type growth, while the addition of residues to the C ter- 
minus of nsp2 altered processing and eclipse phase, but not 
peak viral growth. Thus, the results suggest that nsp2 may serve 
as an important cis regulatory protein for nsp1 and nsp3. 

Since nsp2 is dispensable for replication, the results here can- 
not directly predict the rearrangement effects of essential repli- 
cation proteins, such as nsp5 (3CLpro) and nsp12 (RNA-depen- 
dent RNA polymerase). However, our results have shown that 
additional protein sequence can be encoded not only in the 
downstream ORFs but also in the replicase between nsp13 and 
nsp14, suggesting flexibility in both ORFla and ORF1b for 
deletion, introduction, and reordering of protein domains. 
Demonstration that an ORF1 protein can be expressed from 
alternate locations and can still target to replication complexes 
suggests that it will be possible to test the effects of alteration 
of location and extent of expression of critical replication pro- 
teins on virus viability, growth, and pathogenesis. 
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